DNA damage is one of the most acute threats to cellular homeostasis and life. T h e cell responds to such damage by activating a vast array of responses, ranging from DNA repair to numerous signalling pathways, which temporarily slow down the cellular life cycle while the damage is being repaired. Sophisticated relays convey the DNA damage alarm to all these systems immediately after damage infliction. Such relays must be capable of sensing the damage and rapidly creating functional contact with many signalling networks. T h e ataxia telangiectasia mutated (ATM) protein is a prominent example of such a relay. It responds swiftly to a critical DNA damage -the double strand break (DSB) -by phosphorylating key pro-
teins in numerous signalling pathways. Evidence is emerging, however, that the A T M protein might also be involved in other processes related to cellular homeostasis, which are not directly associated with the damage response. A T M is the protein product of the gene mutated in the multisystem disorder ataxia-telangiectasia (AT), which is characterized by neuronal degeneration, immunodeficiency, chromosomal instability and cancer predisposition. T h e A T phenotype and the functions of the A T M protein revealed to date demonstrate the exceptionally multifaceted nature of this protein.
Emerging complexity of the DNA damage response
Genome stability is essential for the progression of the cell's life cycle and is a cornerstone of cellular homeostasis. T h e cellular genome is under constant threats to its integrity. Normal processes that mould areas of the genome, such as meiotic and V( D) J recombination, entail the temporary formation of discontinuities in the DNA that need to be repaired without perturbing the cell's life. Genome replication, a delicate and complex process, is prone to alterations in DNA sequences. But the greatest threat to genome stability is the damage caused by physical and chemical agents. Damaging chemical agents may be formed during normal cellular metabolism, e.g. reactive oxygen species (ROS), or may come from the environment. They range from free radicals, to compounds that react with DNA components to alter DNA constituents or induce strand breaks. A particularly toxic lesion is the double-strand break (DSB); even one unrepaired DSB is lethal to the cell. Consequently, several modes of repair have evolved in eukaryotes to eliminate this critical lesion, based on direct, error prone ligation of the broken ends, or a high-fidelity mechanism of homologous recombination between sister chromatids. These processes are carried out by several highly conserved protein complexes (reviewed in DNA damage triggers processes in the cell that lead either to damage repair and safe resumption of the cellular life cycle, or to programmed cell death (apoptosis) [2,3]. This cardinal choice is probably influenced by the amount and type of damage and the cell's chances of handling it. Much progress has been made, however, in understanding the salvage pathways, the
emergency mechanisms that are activated immediately following damage infliction, in a concerted effort to save the cell's life.
DNA repair mechanisms have been a major focus of interest in the research of cellular responses to DNA damage. Extensive studies during the past several decades have yielded a rich harvest of information on the modes of repair of different types of DNA damage. Recently, however, it has become clear that the scope of cellular responses to DNA damage is considerably larger than the processing and removal of the DNA lesion, particularly when it comes to critical types of DNA damage such as DSBs. A prominent cellular response to such damage is the activation of the cell-cycle checkpoints that temporarily arrests the cell cycle [4, 5] . This arrest probably puts the cell temporarily into a different physiological state that not only suspends the cell cycle machinery, but also temporarily alters numerous metabolic processes. T h e damage response thus involves the concomitant modulation of an intricate network of pathways. This process involves numerous protein post-translational modifications, protein translocation, synthesis, and degradation, and extensive alterations in the gene expression profile of the cell (Figure 1 ).
Highly sophisticated relays have evolved to convey the damage alarm quickly and accurately to this network of pathways and to co-ordinate the Main branches of the cellular response to DNA damage The cell's basic options are to overcome the damage and suwive, or to take the road to programmed cell death The salvage option entails a complex network of responses involving numerous processes PTMs, post-translational modifications. T h e A T M protein is a large molecule with an associated serine/threonine kinase activity (reviewed in [9-111) . Its outstanding domain is a C-terminal region containing the signature motifs of phosphoinositide 3-kinases (PI-3Ks). This domain, which harbours the catalytic site of ATM, assigns ATM to a growing family of large proteins that contain a PI-3K-related domain (the PI-3K-related kinases). These proteins, most of which are endowed with a protein kinase activity, function in eukaryotes ranging from yeast to mammal, in various pathways that are associated with DNA damage responses and cell-cycle control [ l 11.
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Notable mammalian members of this family are the ataxia telangiectasia-related protein (ATR) and the catalytic subunit of the DNA-dependent protein kinase [ 11-1 31. DNA-dependent protein kinase is involved, together with the Ku heterodimer, in non-homologous end-joining of DSBs. While A T M responds primarily to DSBs, the most critical lesion induced by ionizing radiation, the main duty of ATR seems to be to signal both UV-induced damage and stalled replication forks. However, ATR is also involved in maintaining the later stages of the response to DSB, which is initially activated by ATM. Thus, A T M and ATR share many targets that are phosphorylated by A T M immediately after DSB induction, and later by ATR, which probably maintains these phosphorylations for extended periods of time. This functional redundancy may explain why A T M deficiency is a slowly progressing disease and not embryonic lethal.
In dividing cells, most of the cellular A T M found in the nucleus. After treatment with DNA breaking agents, a fraction of ATM adheres strongly to the chromatin. By virtue of its resistance to detergent extraction, large aggregates of this protein can be seen co-localizing with the sites of DSBs [13a] . At the same time, the A T M kinase activity is enhanced and it phosphorylates an extensive array of substrates. These substrates are key proteins in pathways leading to DSB repair, the activation of cell-cycle checkpoints and control of gene expression [11, 14] .
Examples of the tight control of A T M in the damage response network are presented in Figure 2 , which depicts several branches of this signalling web (for extended reviews see [9] [10] [11] [12] [13] 141) . A key player in the G l / S cell-cycle checkpoint is the p53 protein, which is activated following DNA damage and is stabilized by inhibition of its proteosome-mediated degradation. This activation is mediated by multiple posttranslational modifications that occur along the p53 molecule. A T M directly phosphorylates p53 at Ser'", thereby enhancing its transcriptional activity. At the same time A T M phosphorylates and activates the checkpoint 2 (Chk2) kinase, which in turn phosphorylates p53 at Ser'", thereby interfering with its binding to the mouse double minutes 2 (Mdm2) protein, which inhibits p53 activity and targets it for degradation. A T M phosphorylates Mdm2 directly on Ser"9", which serves to inhibit the nuclear export of the p53-Mdm2 complex, a prerequisite for p53 degradation. Similarly, A T M directly phosphorylates and activates the Brcal protein, which is involved in activating the S-phase and G2/M cell-cycle checkpoints as well as gene regulation in specific stress responses. T h e Chk2 kinase also phosphorylates Brcal on a different site, further contributing to its activation. At the same time, A T M phosphorylates and inactivates CtIP, a negative regulator of Brcal. A T M also phos-
phorylates the Nijmegen breakage syndrome 1 (Nbsl) protein, which is part of the DSB repair complex composed of the Mrel 1, Nbsl and Rad50 proteins, and is also involved in activation of the S-phase cell-cycle checkpoint. This interlocking of the damage response pathways illustrates how a single modulator can manipulate the action of the entire network. Clearly, the discovery of additional A T M substrates will embellish this already elaborate signalling scheme.
The ATM-oxidative stress connection
Cellular metabolism and ionizing radiation lead in cells to the production of highly ROS, the superoxide anion radical (O;'), the hydroxyl radical (OH') and hydrogen peroxide (H,O,). These radicals and their secondary intermediates react with cellular macromolecules and induce in them a variety of chemical alterations. T h e brain is especially exposed to the production of ROS due to its high oxygen consumption. Cells possess an extensive battery of defence mechanisms that scavenge ROS or convert them to other species [ 151. Insufficient action of these mechanisms leads to a state of oxidative stress. Part of the clinical phenotype of A T might be associated with increased oxidative stress [16] . Support for this idea was provided by studies that showed compelling evidence for increased oxidative stress in neuronal tissues of ATM-deficient mice [17-191 and human A T cell lines [20] . Furthermore, overexpression of superoxide dismutase 1 (which elevates hydrogen peroxide levels) in ATM-deficient mice exacerbated certain features of the A T phenotype [21] . I t is not clear whether A T M itself is directly involved in sensing the increase in ROS, or oxidative stress in A T cells is associated with unrepaired DSBs continuously present in the DNA. It is also possible that A T M regulates the expression of genes whose products are involved in oxidative stress responses. While the mechanism underlying ATM's involvement in this phenomenon remains obscure, these observations point to additional roles for A T M in cellular metabolism other than its direct role in the response to DSB induction. T h e mechanisms of these intriguing relationships between A T M and growth factors or their receptors await elucidation. However, these initial observations point to interesting functional links between the DNA damage response and signalling pathways responding to major cues for cellular growth and differentiation.
Is ATM involved in hormone and
Conclusions
A T M is a particularly salient example of a class of proteins that control an extensive array of cellular processes by virtue of specific catalytic activity on the one hand, and their ability to interact with numerous proteins on the other. While the major function of A T M seems to be to stand at the gate of genome stability and guard against DSBs, evidence is emerging that this protein may be involved in various aspects of maintaining physiological processes ( Figure 3 ). As such, the study of A T M promises to lead researchers to new avenues in the investigation of cellular homeostasis. 
